Abstract.
We present a study of whistler-mode wave generation and wave particle interaction in the vicinity of interplanetary shocks in the ecliptic plane, as observed by the Ulysses spacecraft. Generally the whislermode waves (measured in the frequency range 0.22-448 Hz) are observed downstream of the shocks where they persist for some hours. From the electron distribution functions (EDF) in the energy range 1.6 to 862 eV, we compute the temperature anisotropy and the wave growth rate of the electromagnetic electron cyclotron instability for the case of parallel propagation of the waves with respect to the interplanetary magnetic field (IMF) B. In general, in agreement with the wave measurements, the instability grows only downstream of the shock fronts. Follo\ving the wave activity, velocity space diffusion of the electrons results in a marginally stable state with sporadic fluctuations.
large angles with respect to the interplanetary magnetic field (IMF) B [Lengye/-Frey et a/, 1994] . It is generally believed that whistler wave generation results from an electron-cyclotron instability due to anisotropic electron distribution functions in the halo energy range (100 eY-2 keY). Several papers have dealt with thisinstability at the Earth's bow shock [Tokar et a/., 1984; Tokar and Gurnett, 1985] . Following a preliminary paper [S%mon et a/, 1995] , we perform in the present paper, a detailed study of the wave generation and of the velocity space diffusion of the halo electrons resulting from the wave emission. Data 3-D EDF are produced in a 2 minute sweep by the Ulysses' SWOOPS experiment [Bame et al., 1992] in the energy range of 1.6 to 862 eV. Such 3-D distributions are produced about every 17 minutes in the solar \vind frame. For the purpose of rotating the measured EDFs into magnetic coordinates, the Ulysses magnetometer data are used . The \vaves are measured by means of the URAP search coil magnetometer and electric antennas [Stone et al, 1992] which ascertain their electromagnetic nature. The magnetic components are measured in the 0.22-448 Hz range while the electron gyrofrequency I c. lies in the 20-300 Hz range. "':ave spectra are in general averaged over 645. In the calculations described below, I,.. comes from the magnetometer and the electron plasma frequency I p. I ei tiler from the plasma density measured by the S\VOOrs experiment or from the URAP plasma line measurements.
Intra d uctian

Many interplanetary
shocks have been observed by the Ulysses spacecraft, both in the ecliptic plane and out of ecliptic up to -55 degrees . For about 50% of the cases, whistler waves are observed downstream of the interplanetary shocks while, contrary to the Earth bo\v shock, \vhistler waves (precursors) are rarely observed upstream. The wave emission can persist, with large amplitude modulations, severa! hours after the shock front has passed Ulysses' position.
No apparent correlation has been found with shock parameters [Lengyl'l-Frey et al, 1992] . A case study indicates that the \\,aves are often propagating at
Results
In the top panels of figure I are displayed the results of the calculations of A(x) and of "I(X)/wce before and after a shock front passed Ulysses at 4:46 UT on April7, 1991. Before the shock crossing A<Ac while A>Ac and "1>0 up to x~0.35 after it. Downstream of the shock front, there is a progressive relaxation of the instability towards a marginally stable state (A-Ac) (rightmost upper panel of figure I ). The relaxation effect is due to the velocity space diffusion of the electrons by the whistler waves. We have also examined whistler wave spectra in the same intervals of time (bottom panels of figure I ). The relative magnetic wave spectra b* have been obtained by subtracting the instrumental noise from the observed wave noise and then dividing the result by the instrumental noise [Lin et al, 1994] . No wave activity is observed upstream (spectrum at 04:40 is at the instrumental noise level). Wave emission appears after the shock crossing and persists downstream, but with large fluctuations (compare the two rightmost bottom panels of figure 1 ). There is a relatively good correspondence between the frequency range of the instability (A>Ac) and the wave spectra. Applying a Doppler correction could improve this correspondance (x=0.2 becomes x=0.28 in the middle bottom panel). Nevertheless, one should also consider non local amplification effects (see discussion). In the top panels of figure 2 is sho\vn another example of the results of the calculations of A(x) and "I(X)/wce before and after a shock front passed Ulysses at 4;08 UT on May 271 1991. The instability occurs after the shock crossing as for the event displayed in figure I. [n the bottom panels, are shown the wave spectra just after the shock crossing (leftmost bottom panel; large relative intensity), then for the same times as the two rightmost top panels (spectra are at the instrumental noise level before the shock crossing). Relaxation both of the instability (A-Ac) and of the wave activity is observed on the rightmost panels. ill order to illustrate the instability fluctuations that are frequently observed far downstream of a shock front, we display in the 6 leftmost panels of figure 31 the resul ts of the calculation of A(x) between 6;21 and 7:48 for the shock of May 27 (4:08). A progressive variation of A(x) from a marginally stable state at 6;21 to an increasing unstable state between 6:56 and 7:31 is followed by some relaxation of the instability at 7;48. ill the 2 rightrnost panels, are shown the results of the calculation of A(x) at the same times than those of the middle two lower panels but in the other direction (-) with respect to B: in this last direction, A<A". In f 8F(QIJ\ h an '"I requIre on y t e estimating o ~ were v is the total velocity and a the pitch-angle of the electron [e.g. Kenne/, 1966] (and references therein). Therefore, it is easier to use a local model distribution F(v,a)=h(v) (sina)2P. This leaves one parameter p( v ,a) 1 instead of two differential temperatures, to be determined by a local fit in velocity space of the measured EDF [e.g. Corni//eau-Wehr/in et a /, 1985] . In this paper, we consider in detail only the cyclotron resonance m=-l for 8=0 and discuss briefly the other cases. For m=-I, one has: ).00 0.25 0.50 X II., 27. 1.. '. 7,48-, lI.y 27. 1991. 8 Fig. 3 . In the 6-.leftmost panels, are displayed the results of the calculation of A(x) between 6:21 and 7:48 for the shock of May 27 (4:08). In the 2 rightmost' panels, are shown the results of the calculation of A(x) at the same times than those of the middle two lower paneis but in the other direction (-) with respect to B. Fig. 4 . Relative wave spectra corresPQllding to the 6 leftmost panels of figure 3.
figure 4 are displayed the wave spectra corresponding to the 6 leftmost panels of figure 3. The wave intensity increases then decreases in approximate agreement wi th the anisotropy behavior .
Discussion
After crossing of a shock front, both an electron cyclotron instability and whistler-mode wave emissions appear. ill general, the instability occurs in only one direction with respect to the IMF B indicating some possible link to heat flux transport.
One observes the establishment of a marginally stable state downstream of the shock front (A-A", r-0), but with large fluctuations both in A(x) and in b*. The results of the calculations of A(x) and of r(x)/(U"e seem consistent with the wave spectra obtained simultaneously. Nevertheless, the existence of a marginally stable state may allow waves to propagate far away from their emission point and could hinder comparison of r and b*. A more complete study requires calculations of rat propagation angles 8#0. The dominant unstable resonance should remain the m=-1 resonance. The m= 1 resonance results in much higher energies Er (formula (1)) in the tail of the halo distribution where the electron flux, i. e. the factor '7(x) in formula (2), is weak. The m=O resonance is concerned with resonant energies in the core, which is nearly isotropic. This does not exclude some Landau damping for the waves propagating at large 8 values. A similar study around some shocks observed out of the ecliptic plane [ Pierre et al, 1995] gives both like resuits with respect to the in ecliptic plane ones but also larger values of A(x).
